Familiar clustering of hepatitis B virus (HBV)-related hepatocellular carcinoma (HCC) has been frequently reported. However, limited information is available about the underlying molecular mechanisms in HBV-related HCC patients with family history of HCC. In our previous study, Agilent miRNA Base 16.0 microarray showed miRNA profiles of the plasma of HBV-related HCC patients who had a family history of HCC. This study aims to explore the expression, function, and mechanisms of miR-3188 in HCC that might provide novel insights into the role of family history on the risk of HCC. The expression levels of miR-3188 were markedly overexpressed in HCC tissues, HBV transgenic mice, and HepG2.215 cells. We knocked out miR-3188 in HCC cell lines using the CRISPR/Cas9 system, and demonstrated that miR-3188 knockout (KO) suppressed cell growth, migration, and invasion, and inhibited xenografts tumor growth in nude mice. Next, we determined that miR-3188 KO exerts antitumor functions by directly repressing ZHX2. It has been reported that HBV X protein (HBx) plays a critical role in HBV-related HCC, promoting CREB-mediated activation of miR-3188 and activation of Notch signaling through repressing ZHX2. Finally, we verified that ZHX2 functions as a transcriptional repressor to Notch1 via interaction with NF-YA. Our data demonstrate that the HBx-miR-3188-ZHX2-Notch1 signaling pathway plays an important role in the pathogenesis and progression of HBV-related HCC with family history of HCC. 1 Most cases of HCC are associated with hepatitis B virus (HBV) infections in East Asia. It has been reported that the lifetime risk of HBV carriers to develop HCC was much higher than healthy individuals.
Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third most common cause of cancer-related deaths worldwide. 1 Most cases of HCC are associated with hepatitis B virus (HBV) infections in East Asia. It has been reported that the lifetime risk of HBV carriers to develop HCC was much higher than healthy individuals. 2, 3 As the prognosis of HCC remains unsatisfactory even after curative resection, further investigation on molecular and hereditary mechanism is needed to achieve better prognosis. 4 Familiar clustering of HCC has been frequently documented in East Asia. A recent study has found that family history of HCC multiplies the risk of HCC in patients with HBV infection, and recommends that HBV patients need further refinement of HCC surveillance strategy that could be personalized based on the status of family history. 5, 6 Accumulating evidence revealed that genetic factors may contribute to familiar clustering of HCC. 7, 8 However, the underlying mechanism of the pathogenesis and progression of HBV-related HCC associated with family history remains to be not clear.
MicroRNAs (miRNAs) are small noncoding RNAs that behave as a ubiquitous feature to modulate key cellular processes involved in carcinogenesis. 9 Evaluation of changes in miRNA levels show promise as biomarkers for early detection, diagnosis, and prognosis. 10, 11 Increasing evidence also supports the role of miRNAs as potential therapeutic targets for multiple diseases. 12 Our previous study detected miRNA profiles of the plasma of HBV-associated HCC patients with a family history of HCC that showed that miR-3188 was the markedly overexpressed miRNA in previous chip profiles and its functions have not been elucidated in HCC. 13 Therefore, the key signatures of miR-3188 deserve further investigations.
In this study, we explored the expression pattern of miR-3188 in HCC and its clinical significance, and sought to manipulate miR-3188 expression in human HCC cell lines by the CRISPR/Cas9 genome editing technology. The role of miR-3188 in HCC and the underlying mechanism of miR-3188 regulation and cancer-related signaling pathways were further investigated.
Results
MiR-3188 is overexpressed in HBV-associated HCC and its expression is associated with poor clinical outcome. In our previous study, Agilent miRNA Base 16.0 microarray (Agilent Technologies, Santa Clara, CA, USA) showed that miR-3188 was 124.57-fold overexpressed in the plasma of patients with HBV-associated HCC compared with that of healthy volunteers. This result was validated by measuring miR-3188 expression in the plasma of 10 patients with HBVassociated HCC and 10 healthy volunteers using qRT-PCR (Po0.01; Figure 1a ). Furthermore, miR-3188 expression was detected using qRT-PCR in 150 pairs of HBV-associated HCC patients' tumor tissues and corresponding adjacent liver tissues that revealed that miR-3188 expression was significantly overexpressed in HCC tissues than in adjacent liver tissues (Po0.01; Figure 1b) .
Kaplan-Meier log-rank analysis indicated that HBV-associated HCC patients with high miR-3188 expression had significantly shorter median disease-free survival (DFS) (15 versus 39 (months), Po0.01, Figure 1c ) and significantly shorter median overall survival (OS) compared with those with low miR-3188 expression (28 versus 66 (months), Po0.01, Figure 1d ). Then, we examined the correlation between miR-3188 expression level and the clinicopathological variables in patients with HBV-associated HCC. MiR-3188 overexpression was significantly correlated with elevated serum HBV DNA and α-fetaprotein (AFP) level (Po0.05; Supplementary Table 2) . We also analyzed the prognostic factors influencing OS. Univariate analysis showed that overexpression of miR-3188, elevated serum HBV DNA level, elevated serum AFP level, multiple tumors, vascular invasion, and TNM stage were associated with worse OS. Multivariate analysis using Cox's proportional hazards model showed that overexpression of miR-3188, vascular invasion, and TNM stage were independent prognostic factors for OS (Supplementary Table 3 ).
MiR-3188 knockout by CRISPR/Cas9. Considering the terminal loop region controls microRNA processing by Drosha and Dicer, single-guide RNA (sgRNA) was designed within Drosha processing sites using CRISPR DESIGN Figure 1 MiR-3188 is overexpressed in HCC tissues and plasma, and the expression is associated with the prognosis of HCC patients. (a) qRT-PCR analysis of the expression levels of miR-3188 in plasma between 10 pairs of HCC patients and healthy volunteers. The miR-3188 expression levels in healthy volunteer plasma were significantly lower than those in HCC patients' plasma (5.23 ± 1.45 versus 127.9 ± 18.92, n = 10, Po0.01). (b) qRT-PCR analysis of the expression levels of miR-3188 in 150 pairs of HCC patients' tumor tissues and corresponding adjacent liver tissues. The expression of miR-3188 in tumor tissues was significantly higher than that in adjacent liver tissues. After curative liver resection, the cumulative disease-free survival (c) and overall survival (d) rates in patients with high miR-3188 expression were significantly lower than those with low miR-3188 expression. **Po0.01 (Supplementary Figure 1a) . The sgRNA was subcloned into the plasmid lentiCRISPR v2 containing two expression cassettes, hSpCas9 and the chimeric guide RNA. Then, we transfected the plasmids into HCC cell lines, HepG2 and SMMC7721, and performed T7 endonuclease I assay to detect the CRISPR efficiency 72 h after transfection. Indels generated by CRISPR/Cas9 indicated the cleavage of genome DNA (Supplementary Figure 1b) . DNA sequencing confirmed the sequence of indels adjacent to PAM sequence (Supplementary Figure 1c) . As shown in Supplementary  Figure 1d, Figure 2a) . The CCK-8, colony formation, and anchorage-independent cell growth assays revealed that downregulation of miR-3188 significantly inhibited cell growth and colony formation of HepG2 and SMMC7721 cells (Figures 2b-d) .
To further investigate the mechanism of cell growth inhibition of miR-3188 KO in HCC cells, we did cell cycle distribution and apoptosis analysis using flow cytometry. The results indicated that miR-3188 KO significantly increased the cell percentages in G0/G1 phase and decreased the cell percentages in S phase (Figures 2e and f) . Our data also indicated that miR-3188 KO significantly induced apoptosis in HCC cells. The apoptotic rates of control and miR-3188 KO of HepG2 cells were 3.73 ± 0.71 and 16.73 ± 1.35%, respectively, and the apoptotic rates of SMMC7721 control and miR-3188 KO cells were 4.66 ± 0.66 and 18.39 ± 2.42%, respectively (Figures 2g and h) . Analysis of potential cell cycle regulators indicated that downregulation of miR-3188 in HepG2 cells decreased Cyclin A and Cyclin E protein levels. Western blotting showed that miR-3188 KO led to a significant increase of apoptosis (Supplementary Figure 2a) . These data suggest that miR-3188 KO suppresses cell cycle progression and induces apoptosis, and this may explain the underlying mechanism of miR-3188 KO-induced cell growth inhibition.
MiR-3188 KO decreases migration and invasion of HCC cells. A wound healing assay for cell migration was performed in miR-3188 KO and control clones of HepG2 and SMMC7721. Expectedly, miR-3188 KO significantly decreased migration in both HCC cells (Po0.01; Figures 2i-j). In addition, the transwell chamber migration and invasion assay revealed that miR-3188 KO significantly reduced migration and invasion in both HCC cells (Po0.01; Figures 2k and l). Moreover, we found that miR-3188 KO inactivated the Notch1 pathway in HepG2 cells (Supplementary Figure 2b) . Taken together, miR-3188 KO inhibited malignant features in HCC cells.
ZHX2 is a direct target of miR-3188 in HCC cells. To investigate the miR-3188 target in HCC, we applied miRNA target predicted databases (TargetScan and MiRDB) to identify potential target genes. ZHX2 was identified as a target by both miRNA databases. Schematic diagram of putative has-miR-3188 binding site in the 3′-UTR of ZHX2 is shown in Figure 3a . To determine whether ZHX2 was regulated by miR-3188, qRT-PCR and western blot assays were performed in miR-3188 overexpression or knockout and corresponding control cells. Both mRNA and protein levels of ZHX2 were downregulated by increased miR-3188 or upregulated via miR-3188 KO. (Figure 3b and Supplementary Figure 2b) . To further confirm that miR-3188 directly targets ZHX2, we constructed a wild-type ZHX2 3'-UTR luciferase reporter vector. MiR-3188 overexpression significantly reduced the luciferase activity from wild-type ZHX2 3'-UTR luciferase reporter construct. This profound inhibition was abolished when the putative miR-3188 target sequences in the ZHX2 3′-UTR were mutated in the vector, indicating that miR-3188 inhibits ZHX2 by sequence targeting (Figure 3c ). Moreover, the abundance of miR-3188 was inversely correlated with low expression levels of ZHX2 in HCC tissues (R 2 = 0.508, Po0.01; Figure 3d ). To elucidate whether the reduction of ZHX2 could rescue the antitumor effects of miR-3188 KO, we transfected HepG2 cells with miR-3188 KO plus siZHX2. The reduced ZHX2 expression partially reversed the antitumor effects induced by miR-3188 KO (Figures 3e-l) . These results suggested that miR-3188 directly targets ZHX2 expression, and downregulation of ZHX2 can reverse antitumor effects of miR-3188 KO in HCC cells.
MiR-3188 KO inhibits human HCC xenografts growth in nude mice. To examine whether miR-3188 KO could inhibit malignant features of HCC in vivo, subcutaneous tumor models were established in the flanks of athymic nude mice with miR-3188 KO and control clones. We found that miR-3188 KO could markedly inhibit the tumor growth (Figure 4a ). The growth curves showed that the average fold increase of miR-3188 KO tumor volumes at the time of killing was much smaller than that in control tumors (HepG2 models: 5.93 ± 0.73 versus 9.79 ± 1.45; SMMC721 models: 9.52 ± 2.63 versus 13 ± 1.6; Po0.01; Figure 4b ), and the average weight of miR-3188 KO tumors was significantly lighter than that in control tumors (HepG2 models: Relative luciferase assay in HepG2 cells showed that miR-3188 significantly suppressed luciferase activity of wild-type reporter constructs, whereas miR-3188 KO significantly promoted luciferase activity of wild-type constructs. (c) MiR-3188 overexpression significantly reduced the luciferase activity from wild-type ZHX2 3'-UTR luciferase reporter construct, whereas this profound inhibition was abolished when the putative miR-3188 target sequences in the ZHX2 3′-UTR were mutated in the vector. Then, we explored the underlying mechanisms of tumor suppression induced by miR-3188 KO. Immunohistochemical staining assay indicated that the Notch-1 signaling pathway was markedly inactivated and expression of Ki67 was reduced, and TUNEL assay demonstrated that apoptotic rate was markedly higher in the resected tumors (Figure 4e ). Taken together, miR-3188 KO suppressed HCC growth and metastasis in vivo, indicating that the roles of miR-3188 serve as a potential therapeutic target for HCC.
HBx promotes CREB-mediated activation of miR-3188 and downregulates ZHX2. We determined the expression of miR-3188, ZHX2, and HBx by qRT-PCR and western blot assays in HCC tissues, respectively. Our data indicated that HBx and miR-3188 expressions were upregulated and ZHX2 expression was downregulated in 150 HCC tissues, whereas HBV infection was strongly associated with miR-3188 (R 2 = 0.819, Po0.01) and ZHX2 expression (R 2 = 0.703, Po0.01; Figures 5a and b) . Next, we found that the miR-3188 expression levels were significantly higher in liver tissues of 6-month-old HBV transgenic mice than in those of C57/BL6 mice (Po0.01; Figure 5c ). The miR-3188 expression was significantly higher in HepG2.215 cells than in HepG2 cells (Po0.01; Figure 5d ). Then, we transfected HepG2.215 cells with siHBx, causing the downregulation of miR-3188 expression, and the upregulation of ZHX2 expression (Po0.01; Figure 5d ). Furthermore, pcDNA 3.1-HBx was transfected into the HepG2 and SMMC7721 cells, subsequently upregulating miR-3188 expression in a dosedependent manner (Po0.01; Figure 5e ). Taken together, our data suggested that HBx is able to upregulate miR-3188 in HCC.
It has been reported that HBx is not able to bind directly to DNA, but it is suggested to interact with transcription factors, such as p53 and CREB, to regulate gene expression. Strikingly, we observed that putative CREB-binding sites were located in the miR-3188 upstream via Alggen Promo and JASPAR. Then, we applied siCREB to downregulate CREB in HepG2-HBx and SMMC7721-HBx cells that induced decrease in miR-3188 expression and increase in ZHX2 expression (Po0.01; Figure 5f ). In contrast, pcDNA 3.1-CREB was transfected into the cells that triggered increase in miR-3188 expression and decrease in ZHX2 expression (Po0.01; Figure 5g ). Furthermore, CREB stimulated the activity of the luciferase reporter gene containing the CREBbinding site, whereas CREB failed to activate the luciferase reporter gene containing mutant CREB-binding site or an upstream site without the CREB-binding site (Po0.01; Figure 5h ). To further determine the interaction of HBx with miR-3188 promoter, chromatin immunoprecipitation (ChIP) assay was performed. The results indicated that CREB was recruited to the miR-3188 promoter fragment, and HBx further increased the promoter occupancy of CREB (Po0.01; Figure 5i ). In summary, HBx promotes miR-3188 transcription by interacting with CREB.
MiR-3188 KO inactivated the HBx-mediated Notch signaling pathway through restoration of ZHX2. To further explore the mechanism of miR-3188 KO mediated antitumor effects on HCC, we identified potential downstream signaling pathways using western blot assay. We observed that the Notch signaling pathway was inactivated in miR-3188 KO clones and miR-3188 promoted the activation of Notch signaling pathway in HepG2 cells (Supplementary Fig. 2c ). In addition, we found that inactivation of Notch signaling pathway induced by miR-3188 KO could be abolished through the inhibition of ZHX2 expression, and activation of Notch signaling pathway via miR-3188 could be suppressed by overexpression of ZHX2 (Supplementary Figure 2c) .
It has been reported that Notch signaling was engaged in HBx-related HCC. We found that miR-3188 KO abolished the HBx-mediated activation of the Notch signaling pathway in HepG2 cells, and miR-3188 restored the activity of Notch signaling pathway in HepG2.215 cells treated with siHBx (Supplementary Figure 2d) . Furthermore, we transfected siZHX2 into the HepG2 cells, and the Notch signaling pathway was subsequently activated. Then, RO4929097 and γ-secretase inhibitor (DAPT) was used to block siHBxinduced activation of the Notch signaling pathway (Supplementary Figure 2e ). Our data suggested that miR-3188 KO abolished the HBx-induced activation of Notch signaling pathway through ZHX2.
ZHX2 functions as transcriptional repressors of Notch1 via interacting with NF-YA. It has been reported that ZHX2 functions as a transcriptional repressor. We transfected BEL7402 cells with pcDNA3.1-ZHX2, causing the downregulation of Notch1 expression in a dose-dependent manner. Notch1 expression increased dose dependently when siZHX2 was transfected into HepG2 cells (Po0.01; Figure 6a ). It has been suggested that ZHX2 regulates Notch1 expression. To examine whether ZHX2 regulates Notch1 promoter activity, ZHX2 and wild-type promoter pGL3-Notch1 were co-transfected into BEL7402 cells, whereas siZHX2 and pGL3-Notch1 were co-transfected into HepG2 cells. Our data showed that ZHX2 reduced the relative luciferase activity of Notch1 dose dependently, whereas siZHX2 increased the relative luciferase activity of Notch1 dose dependently (Po0.01; Figure 6b ). This indicated that ZHX2 interacts with the Notch1 promoter.
Interestingly, putative NF-YA binding sites were located upstream from Notch1 via Alggen Promo and JASPAR. ZHX2 functions as a repressor by interacting with NF-YA in HepG2 cells. To examine whether ZHX2 regulates Notch1 promoter activity indirectly, ZHX2, NF-YA, and wild-type promoter pGL3-Notch1 were co-transfected into HepG2 cells. We observed that ZHX2 could reduce the luciferase activity of NF-YA binding to wild-type Notch1 promoter, indicating that ZHX2 regulates Notch1 promoter activity by interacting with NF-YA (Po0.01; Figure 6c ). ChIP assay showed that NF-YA was recruited to the Notch1 promoter fragment, and ZHX2 decreased the promoter occupancy of NF-YA (Po0.01; Figure 6d ). Taken together, ZHX2 represses Notch1 transcription by interacting with NF-YA.
Discussion
Accumulating evidence revealed that miRNAs are pivotal mediators of HBV infections, hepatocarcinogenesis, and progression. 14, 15 To our knowledge, the molecular details of HBV-related HCC patients with a family history of HCC are still largely elusive. In our previous study, through the comparison of miRNA expression profiles in the HBV-related HCC patients who had a family history of HCC with that in healthy volunteer, microarray results identified six miRNAs, miR-215, miR-3188, miR-374a, miR-215, miR-23b, miR-138-2*, and miR-216b, with over a 100-fold change in expression. Of the identified miRNAs, we focused on miR-3188 as its role has not been reported previously in HCC. Our data revealed that miR-3188 expression was markedly upregulated in HCC tissues compared with adjacent liver tissues and was significantly correlated with serum HBV DNA level, AFP expression, and prognosis after liver resection for HCC. Thus, the markedly overexpressed miR-3188 may play a pivotal role in the pathogenesis and progression of HCC.
CRISPR/Cas9 system is emerging as a state-of-art genome editing tool, and has a major impact on functional genetics in biological research. 16 It is a microbial adaptive immune system composed of cas9 endonuclease, a sgRNA, and a transactivating CRISPR RNA (tracrRNA) that conferring targeted gene editing by small RNAs that guide the Cas9 nuclease to cleave foreign genetic elements. 17 Recent studies reported that CRISPR/Cas9 could knock out miRNA expression more conveniently and efficiently. 18 We designed CRISPR/Cas9 to target the sequences adjacent to Drosha processing sites in the secondary stem-loop structure of miR-3188, using the methodology presented by Chang et al.
19
It has been reported that the inhibition of Drosha can lead to upregulation of primary miRNA (pri-miRNA) and in turn downregulation of mature miRNA. 20 As expected, the accumulation of pri-miR-3188 and the downregulation of miR-3188 was found in the CRISPR/cas9-transfected cells. Then, we detected that miR-3188 KO suppresses cell growth, migration, and invasion of HCC cells in vitro and inhibits tumor growth and metastasis in vivo. All the evidences revealed that oncogene miR-3188 emerged as a potential therapeutic target and may behave as a tumor marker for the early detection of HBV-related hepatocarcinogenesis with a family history of HCC. HBV infection is a major risk factor for HCC. Increasing evidence indicates an important role of HBV, especially HBx, in modulating the expression of cellular miRNAs that likely contribute to the pathogenesis of HCC. Xu et al. 21 reported that HBx suppresses p53-mediated activation of miR-148a and activates mTOR signaling pathway through restoration of HPIP to enhance tumorigenesis. Wang et al. 22 found that HBxmediated downregulation of let-7a and upregulation of STAT3 leads to hepatocarcinogenesis. We also demonstrated that HBx suppresses p53-mediated activation of miR-216b, promotes IGF2BP2, and activates downstream signaling pathways in our previous study. 13 In the present study, we found that overexpression of miR-3188 was positively correlated with serum HBV DNA level, and miR-3188 expression was also found upregulated in the liver tissues of HBV transgenic mice and HepG2.215 cells compared with C57BL/6 mice and HepG2 cells. Therefore, we further explored the underling mechanisms of HBV in regulating miR-3188 expression. We found that HBx was the key mediator of miR-3188 expression via transcriptional regulation. It has been reported that ectopic expression of HBx functions as a transactivating protein through interaction with transcription factors such as activating protein-1 (AP-1), NF-κB, and CREB. 23 As expected, our data showed that HBx promotes miR-3188 expression via CREBmediated activation.
Complicating the function of miRNAs in HBV-related HCC, it has been established that aberrantly expressed miRNAs can affect crucial signaling pathways. Our data demonstrated that miR-3188 KO can significantly inhibit the growth and metastasis of HCC cell lines in vitro and in vivo by inactivating Notch signaling pathways through upregulation of ZHX2. Mounting evidence confirmed that ZHX2 functions as a tumor suppressor and has been regarded as a transcriptional repressor negatively regulating the tumor markers AFP, GPC3, and H19. 24 Yue et al. 25 reported that ZHX2 could inhibit proliferation of HCC through transcriptionally regulating the expression of Cyclins A and E. Ma et al. 26 found that ZHX2 represses transcription of genes associated with HCC by interfering with NF-YA in liver tumor cells. It has been demonstrated that HBx activates Notch signaling in HCC by promoting miR-3188 and repressing ZHX2 as described above. Thus, we presumed that ZHX2 might repress the Notch1 expression and inactivate Notch signaling in HCC by interacting with NF-YA. Interestingly, we found that ZHX2 indeed repressed Notch1 transcription by interacting with NF-YA. Taken together, the data proved that HBx promotes CREB-mediated activation of miR-3188 and activates Notch signaling through repressing ZHX2. Kongkavitoon et al. 27 recently found that HBx activates Notch signaling via Delta-Like 4/Notch1 in HCC. However, the exact molecular mechanisms underlying Notch signaling functions and regulation need further investigation.
To our knowledge, the HBx-miR-3188-ZHX2-Notch1 signaling pathway regulation axis (Supplementary Figure 2f) was reported for the first time that may underlie the mechanisms of HBV-related HCC with a family history of HCC. MiR-3188 may be a useful diagnostic tool, a prognostic marker, and potential therapeutic target molecule that provides novel insights into HBV-related HCC. Further studies will be required to investigate whether detecting miR-3188 in plasma can be used to refine HCC surveillance guidelines based on the status of family history of HCC personalized for HBV patients. CRISPR/Cas9 plasmid construction. The transfer plasmid lentiCRISPR v2 (#52961), packaging plasmids pCMV-VSV-G (#8454), and psPAX2 (#12260) was obtained from Addgene. The sgRNAs targeting hsa-miR-3188 were designed by CRISPR DESIGN (http://crispr.mit.edu/) that was developed by Dr. Feng Zhang's Lab at MIT. The sgRNA-miR-3188 sequence is 5′-TCCTGCTCTGCTGTGCCGCC -3′. Specific target sequences were amplified and subcloned into the lentiCRISPR v2 plasmid and verified by DNA sequence analysis. The lentiCRISPR v2 plasmid encoding a nonspecific 20 nt guide RNA was used as a negative control for CRISPR/Cas9 knockout plasmids.
T7EN1 analysis. HepG2 cells were transfected with lentiCRISPR v2 containing sgRNA that targets miR-3188 or control plasmid. The genomic DNA was isolated for PCR amplification. The amplified fragments were purified using Genomic DNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA). After being denatured and reannealed, the PCR products were digested with T7 endonuclease I (NEB). Digested fragments were separated on a 2% agarose gel. Images were captured by ChemiDoc XRS (Bio-Rad, Hercules, CA, USA).
Luciferase reporter assay. To verify the target sites of miRNAs, HepG2 and SMMC7721 cells were co-transfected with miR-3188 and luciferase reporter constructs containing wild-type or mutated ZHX2 3′-UTR. To study the effect of CREB on miR-3188 promoter activity, the plasmids containing fragments of human miR-3188 upstream region were respectively co-transfected with transfected with CREB or empty vector into HepG2 and SMMC7721 cells. To study the effect of NF-YA on Notch1 promoter activity, plasmids containing fragments of wild type or mutant NF-YA binding site were respectively co-transfected HepG2 cells with NF-YA, siZHX2, or empty vector into HepG2 cells. Cells were split and the activities were measured 24 h after transfection using Dual-Luciferase Assay Kit (Promega, Madison, WI, USA).
ChIP assays. ChIP assay was performed using Magna ChIP Assay Kit (Millipore, Billerica, MA, USA) according to the manufacturer's instructions. DNAs were coimmunoprecipitated with normal IgG, anti-CREB, or anti-NF-YA antibodies (Abcam, Cambridge, MA, USA) at 4°C in a shaker overnight. MiR-3188 and Notch1 promoter was amplified by PCR using the primer pairs listed in Supplementary 
